The DRB family of human class II major histocompatibility complex (Mhc) loci is unusual in that individuals differ in the number and combination of genes (haplotypes) they carry. Indications are that both the allelic and haplotype polymorphisms of the DRB loci predate speciation. group duplicated in the Old World monkey lineage to give rise to genes at three loci at least, while in the ape lineage this gene may have remained single and diverged into a number of alleles instead. These findings suggest that some of the polymorphism currently present at the DRBI locus is >35 Myr old.
Introduction
The major histocompatibility complex (Mhc) is a cluster of genes coding for proteins that bind peptides and present them to specific receptors on thymus-derived lymphocytes, thus initiating-the specific immune response (Klein 1986; Lawlor et al. 1990 ). The Mhc genes fall into two classes, differentiated both structurally and functionally. The class I Mhc genes code for proteins that have a molecular mass (M,) of 44,000 and that bind peptides endogenously generated in the cell, presenting them to cytotoxic T lymphocytes. The class II genes code for proteins that have an M, of 28,000-33,000 and that bind peptides derived from exogenous proteins, presenting them to helper T lymphocytes.
The human Mhc genes are referred to as the human leukocyte antigen or HLA complex. The HL4 class II genes can be divided into two subclasses, A and and DRBl*14, respectively; variants of these main alleles are designated DRBl * 0301, DRBl * 0302, DRBl * 0303, and so on; see Marsh and Bodmer 1990 ; WHO Nomenclature Committee for Factors of the HLA System 1990). The haplotypes are grouped together, not only by the similarity of their DRBl alleles but also by the fact that they all carry the DRB3 gene, which is absent in other haplotypes and which codes for an antigen (DRw52) shared by all individuals having any of the haplotypes in this group. Because the DRw8 haplotype also codes for the >DRw52 antigen (its single gene is in part derived from the DRB3 gene), it formally belongs to the DRw52 group as well. In a similar way, DR4 is a representative of the DRw.53 group of haplotypes, which is comprised of haplotypes DR4, DR7, and DR9. The DRB4 gene of these haplotypes codes for antigen DRw53, which is shared by all of these haplotypes.
The various DR haplotypes are present in different human races, indicating that they emerged before racial differentiation (Aizawa et al. 1986 ). Indeed, studies on nonhuman primates have indicated that at least some of the gene constellations were formed before the human lineage separated from lineages leading to great apes (Kasahara et al. 1990; U. Brandle, F. Figueroa, and J. Klein, unpublished data) . This complex genetic organization and variation represents an interesting evolutionary puzzle, which could be solved only by extending the DR studies to nonhuman primates. In the present communication we characterize the functional DRB genes of the pigtail macaque (Mucuca nemestrina) as a representative of the Old World monkeys.
Material and Methods

Cell Line
The cell line 8608 1 was produced by Dr. Charles Estin (while he was working at Oncogene, Seattle) and was given to us by Dr. Lakshmi Gaur (Wake Forest University, Bowman Gray School of Medicine, Winston-Salem, N.C.). It was derived from peripheral blood lymphocytes of a pigtail macaque (Macaca nemestrina), which was imported in 1986 to the Regional Primate Center at Seattle from Indonesia, under the identification number 8608 1. The parentage of this wild-captured macaque is unknown, and the animal left no offspring. The lymphocytes were transformed in 1987 by the Epstein-Barr virus (EBV) obtained from the B95-8 marmoset (cottontop tamarin) line (Miller et al. 1972 ). The cells were exposed to EBV in the presence of cyclosporin A (0.025 pg/ml) . After 24 h incubation at 37°C the cells were distributed to a 48-well plate, 2 X 10 6-3 X 10 6 cells/ well. Clusters of transformed cells appeared after -6 wk of culture.
Preparation of a cDNA Library
To prepare RNA, we homogenized -2 X lo8 cells from the line 86081 in a solution containing 3 M LiCl, 6 M urea, 10 mM sodium acetate, as well as 0.1% SDS (sodium dodecyl sulfate), and the solution was kept on ice overnight. The solution was then spun at 15,000 g for 10 min and the pellet was washed in 4 M LiCl, 8 M urea, 10 mM sodium acetate, and 0.1% SDS. The pellet was resuspended in 10 mM Tris-HCl 1 mM EDTA, pH 8.0, in the presence of 0.1% SDS and Proteinase K at a final concentration of 250 pg/ml. After incubation for 20 min at room temperature, the solution was phenol-and chloroform-extracted, and the RNA was precipitated with cold ethanol. The RNA was finally resuspended in 500 ~1 of distilled water and frozen at -70" until use. Poly A+ RNA was prepared from it by using the mRNA purification kit from Pharmacia LKB (Freiburg, Germany). The first and second cDNA strands were synthesized, and EcoRI adaptors were added to them with the aid of a cDNA synthesis kit (Pharmacia LKB). The cDNA was then ligated to an EcoRI-digested, dephosphorylated @ 10 vector ( Stratagene, Heidelberg, FRG). The ligated cDNA was packaged into h phages by using the Stratagene packaging kit, and the phages were then used to transform Escherichiu coli C6OOHfl-bacteria. The library contained 1 X lo6 plaque-forming units (PFUs). It was amplified once to 1 x 10 'O PFU.
DNA Probes
The C4-2 probe was a 750-bp-long EcoRI fragment encompassing the entire coding sequence of a DRB gene isolated from a chimpanzee (Fan et al. 1989) . The 3' untranslated (3'UT) region probe was a 330-bp-long HindIII-EcoRI fragment of the human DRBI gene cloned to the sp65 vector (Rollini et al. 1985) .
Screening of the cDNA Library
Replica nylon filters containing cDNA from -6 X 10 ' PFUs were screened with the C4-2 probe labeled by the random primer method ( Feinberg and Vogelstein 1983 ) to a specific activity of 1 X lo9 cpm/pg. The filters were prehybridized at 65°C for 5 h in a 5 X SSPE solution [ 1 X SSPE = 150 mM NaCl, 10 mM NaH2P04 -2 H20, 1 mM ethylene-dinitrilo tetraacetic acid (EDTA disodium salt dihydrate, pH 7.4), 5 
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DNA Sequencing
Selected restriction-enzyme fragments were isolated and subcloned to M 13mp 18 and M 13mp 19 vectors. Single-stranded DNA was isolated following standard protocols (Davis et al. 1986 ). The DNA was sequenced by the dideoxy chain-termination method (Sanger et al. 1977) 
Sequence Analysis
Genetic distances were calculated using a computer program designed by Dr. T. Ota (Center for Demographic and Population Genetics, Houston). Phylogenetic trees were constructed by the neighbor-joining method of Saitou and Nei ( 1987) by using a computer program designed by Drs. J. W. H. Ferguson, L. Jin, N. Saitou, and M. Nei (Center for Demographic and Population Genetics, Houston).
Results and Discussion
A pigtail macaque cDNA library was screened with the DRB-specific probe C4-2. Of the 6 X 10 5 distinct colonies, > 100 gave positive signals in both replicas, but they differed in the intensity of hybridization. Thirty-two of the positive clones gave strong signals, whereas 24 gave intermediate signals and 44 gave weak signals. Of the 32 strongly hybridizing clones we selected for further characterization, 13 that gave the strongest signals. From eight of the 13 clones, DNA was isolated and digested with EcoRI, and the resulting fragments were hybridized with C4-2 and 3'UT DRB-specific probes. Since all eight DNAs showed strong hybridization with both probes, they were subcloned to M 13mp 18 and M 13mpl9 vectors in preparation for sequencing. (The 3'UT probe is specific for DRB genes, whereas the C4-2 probe often cross-hybridizes with genes of the DPB family. Hybridization with both probes was therefore an assurance that the isolated clones were indeed DRB. ) All eight clones were partially sequenced. Clones M4, M6, and Ml 1 proved to be identical, as judged by their 3 'UT sequences. Clones M4 and M6, as well as clones M2 and M7, were also identical according to their 5'UT, leader, and partial pi domain sequences. We therefore selected five clones-M 1, M2, M3, M4, and M8-for complete sequencing. DNA isolated from these clones was digested with the restriction enzymes PstI and HindIII, singly or doubly, and the resulting fragments were again subcloned to both M 13 plasmids and sequenced. Both strands of all the five clones were sequenced.
From four of the clones, complete coding sequences (as judged from an alignment with the homologous human sequences) were obtained; the fifth clone (M8) lacked the first 14 nucleotides of the first exon ( fig. 1) . The complete sequence consists of 29 codons specifying the leader, 93 codons specifying the p1 domain, 94 codons of the p2 domain, and 50 codons of the connecting peptide, transmembrane region, and cytoplasmic region. Partial sequences of the 5'UT and 3'UT regions were also obtained. (The correspondence between nucleotide and amino acid sequences is inferred from comparisons with known human sequences.) The putative polyadenylation signal was found in clones M3, M4, and M8, 294 nucleotides downstream from the termination codon. The nucleotide sequences were then compared with one another and with selected human DRB, DQB, DPB, and DOB sequences (table 1, above diagonal). The sequences were, as expected, most similar to the HLA-DRB genes, and therefore we designate them Mane-DRB * 01-Mane-DRB * 05, in accordance with established rules for naming Mhc loci .
The translation of the nucleotide sequence to the amino acid sequence of the presumed proteins appears in figure 2. There is nothing in the five sequences that could make the corresponding genes nonfunctional. All five genes are obviously transcribed with an efficiency high enough that the transcript's representation in the cDNA library is at a level that does not require special procedures for detection. All five sequences contain N-glycosylation sites at position 19, as do all other functional DRB proteins. These data indicate that the pigtail macaque B-cell line 86081 expresses at least five DRB genes belonging to at least three loci. Although we have not proved that the products of these three loci are inserted into the plasma membrane of the macaque lymphocytes, the sequence data have not revealed any unusual feature which could prevent cell-surface expression. Expression of genes at three DRB loci has not been reported in any other placental mammal tested. Human, mouse, rat, dog, cat, rabbit, pig, cattle, and hamster all express genes at only one or two loci (Klein 1986) , and the mole rat (Spalux ehrenbergi) seems to lack the DRB genes altogether (Niietic et al. 1987) . Sequence variability (interlocus and interallelic) is concentrated in the pi domain, although scattered substitutions occur over the entire gene. In the pi domain, variation occurs primarily in the positions postulated to constitute the functional peptide-binding region (PBR), although here again there are some exceptions (e.g., codons 9, 10, 25, 26, 34, 40, and so on). It is interesting that codons 25, 26, 63, and 64 are invariable in all the great ape DRB sequences (Marsh and Bodmer 1990) yet show both interlocus and polymorphic variation among the macaque sequences. The two macaque DRB genes have one codon deleted in comparison with all other known DRB sequences. The deleted codon 88 is, in other DRBl molecules, part of the sequence specifying the PBR and precedes one of the most conserved codons that specifies one of the two cysteines characteristic of the domain. The same codon is also deleted in the mouse H-2Eb2 gene, which is paralogous to the DRB genes (Braunstein and Germain 1986).
The allelism of the expressed genes and the identity of the macaque DRB loci proved to be difficult to establish. We constructed trees of the entire sequences, of the entire sequences with the exclusion of the PBRs, of the PBR alone, and of the individual exons, by using both the neighbor-joining (Saitou and Nei 1987) and the maximumparsimony (Felsenstein 1988 ) methods. The results were not always the same. In particular, different trees were obtained depending on the inclusion or exclusion of the PBR ( figs. 3 and 4) .
In the tree constructed using the entire sequence, including the PBR ( fig. 3) , the Mane-DRB * 02 sequence appeared most closely related to the HLA-DRBl genes * 03, *08, *II, *12, and *I3 (= the DRw.52 group). The Mane-DRB*02
and Mane-DRB * 03 genes appeared distantly related to an orangutan (Popy) DRB gene. And the Mane-DRB* 04 and Mane-DRB *05 genes appeared related to the human DRB4 genes.
In trees constructed using sequences from which the putative PBR-encoding codons have been omitted (fig. 4) , all five macaque sequences are in one group which appears related to the DRw52 group of DRBl genes. This version is probably the more realistic of the two. The PBR codons are under positive selection pressure to change (Hughes and Nei 1989) ) and similar changes can occur in it independently and repeatedly in sequences evolving parallel to one another (Andersson et al., sub-FOG .3.-Phylogenetic tree of pigtail macaque (Mane), chimpanzee (Putr) , gorilla ( Gogo), orangutan (Popy), and human (HLA) DRB genes, constructed by neighbor-joining method of Saitou and Nei ( 1987) . The Mane sequences are taken from fig. 2 ; the HLA sequences are from Marsh and Bodmer ( 1990) ; the Parr sequences are from Fan et al. ( 1989) ; the Gogo sequences are from Kasahara et al. ( 1990) ; and the Popy sequences represent our unpublished data. Standard-error bars are indicated only on those branches that are crucial for our interpretation. Saitou and Nei ( 1987) . The sequences used for the construction of this tree were the same as those used in fig. 4 , but codons specifying the putative PBR [indicated by a plus sign (+) in fig. 1 ] have been omitted. Standard-error bars are indicated only on those branches that are crucial for our interpretation. BRAUNSTEIN, N. S., and R. N. GERMAIN. 1986 . The mouse EB2 genes: a class II MHCB gene
